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(Mn,Fe)2(P,Si) single crystals have been successfully grown by flux method. Single crystal diffraction demon-
strates that Mn0.83Fe1.17P0.72Si0.28 crystallizes in a hexagonal crystal structure (space group P 6¯2m) at both
100 and 280 K, in the ferromagnetic and paramagnetic states, respectively. The magnetization measurements
show that the crystals display a first-order ferromagnetic phase transition at their Curie temperature (TC).
The preferred magnetization direction is along the c axis. A weak magnetic anisotropy ofK 1 = 0.25×10
6 J/m3
and K 2 = 0.19 × 10
6 J/m3 is found at 5 K. These values indicate a soft magnetic behaviour favourable for
magnetic refrigeration. A series of discontinuous magnetization jumps is observed far below TC by increas-
ing the field at a constant temperature. These magnetization jumps are irreversible, occur spontaneously at
constant temperature and magnetic field, but can be restored by cycling across the first-order phase transition.
Only a few ferromagnets are known to exhibit a first-
order magnetic transition (FOMT) at their TC. Among
those, the Fe2P-based magnetocaloric materials have a
rich and long history that goes back to the 1960s1,2. Two
main dilemmas arose since the very first studies on the
binary Fe2P compound
3,4. The first point dealt with the
nature of the ferromagnetic transition, the exact TC and
the order of the transition. The second point concerned
the particularly large magnetocrystalline anisotropy for
a 3d transition metals compound. A great step towards a
better understanding of this materials was made thanks
to the synthesis of high purity Fe2P single crystals. It
is now well accepted that Fe2P is a ferromagnet with an
easy direction along the c axis and it shows a first-order
ferromagnetic transition at TC ≈ 216 K. A rare pecu-
liarity is however that the crystal symmetry does not
change across the phase transition as the space group
remains P 6¯2m. Examples for this kind of iso-structural
first-order transition are scarce, and even more when cou-
pled with a change in magnetic order.
The manganese alloys derived from Fe2P are currently
attracting great interest as they display a giant mag-
netocaloric effect associated with a first-order magneto-
elastic transition. This is of interest for many potential
applications including magnetic refrigeration. Compared
to the parent Fe2P, the (Mn,Fe)2(P,X) (X = As, Ge, Si)
materials are even more exceptional as they display a
FOMT one order of magnitude more intense than Fe2P
and their properties are relatively easy to be controlled
by chemical substitutions5–9.
In spite of extensive experimental data on polycrys-
talline (Mn,Fe)2(P,Si), the understanding of the magnetic
anisotropy and the field-induced metamagnetic transi-
tion in these materials is still limited. In particular, as
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FIG. 1. (a) SEM image of as-grown Mn0.83Fe1.17P0.72Si0.28
single crystals. The inset shows the experimental (h k 0)
reciprocal lattice plane at 100 K. (b) Crystal structure of
Mn0.83Fe1.17P0.72Si0.28.
the hexagonal structure is prone to show an anisotropy
in the physical properties, single crystals are required
to obtain more detailed information. In this study, we
report the crystal structure and magnetic properties of
high purity single-crystalline (Mn,Fe)2(P,Si). This al-
lows one to supplement previous observations made on
polycrystalline samples. In addition, a new magnetic be-
haviour related to the magnetization process at the ferro-
to-paramagnetic FOMT is observed.
Single crystals of Mn0.83Fe1.17P0.72Si0.28 were grown
by the flux method with tin as metallic flux. Nu-
merous tests have been performed to obtain the opti-
mal conditions ensuring an appropriate silicon content.
High-purity Mn (99.9%), Fe(99.9%), P(99.9%) and Si
(99.999%) were used as starting materials. Two ap-
proaches have been used for the synthesis of materials
before the growth of crystals. For the first method, the
starting materials of Mn, Fe, P and Si with nominal com-
position of Mn0.8Fe1.2P0.45Si0.65 are mixed with high-
purity Sn and then arc-melted under Ar atmosphere in a
water-cooled copper crucible. The resulting ingot is then
sealed in quartz ampoules in an Ar atmosphere of 200
2TABLE I. Lattice parameters and structure refinement of
Mn0.83Fe1.17P0.72Si0.28 from single crystal diffraction. Atomic
positions: 3g (x1, 0, 1/2); 3f (x2, 0, 0); 2c (1/3, 2/3, 0) and
1b (0, 0, 1/2).
Temperature (K) 100 280
a (A˚) 6.0838(9) 5.997(6)
c (A˚) 3.3556(5) 3.484(3)
Volume (A˚3) 107.56(4) 108.5(2)
x1 0.5936(2) 0.5904(2)
x2 0.2563(2) 0.2548(2)
Collected reflections 180 182
Final R index 0.0242 0.0243
Goodness-of-fit on F 2 1.096 1.050
mbar. The charge to flux ratio was 1:20 wt%. In the
second method, off-stoichiometric polycrystalline sam-
ples Mn0.8Fe1.2P0.45Si0.65 were prepared by high-energy
ball milling and annealing as described in7. The pre-
synthesized polycrystalline sample was then mixed with
Sn and sealed in quartz ampoules. The sealed ampules
prepared by the two above methods were placed in a
vertical furnace. The thermal treatment for the crys-
tal growth is the following: the temperature is raised
to 1473 K in 6.5 h, maintained at this temperature for
100 hours, and then cooled at a rate of 3 K/h to 700 K
at which the excess of tin was removed. When necessary,
the remaining flux was removed by etching with diluted
hydrochloric acid. The two crystals presented in this let-
ter originate from the first method only.
Microanalyses were performed using JEOL JSM-7500F
scanning electron microscope (SEM) equipped with an
energy dispersive spectrometer (EDS). The chemical
composition was determined with EDS by probing several
locations on each crystal. X-ray single crystal diffraction
was collected at different temperatures in zero field using
a Bruker AXS Kappa APEX II diffractometer equipped
with graphite-monochromated Mo Kα radiation (λ =
0.71073 A˚). The crystal structure was refined using full-
matrix least-squares against F 2 (SHELXL-97).
Magnetic measurements were carried out in a magne-
tometer (Quantum Design MPMS 5XL) equipped with
a reciprocating sample option. Care has been taken in
the choice of appropriate ranges for the magnetometer.
The mass of the needle single crystal was determined by
estimating its volume under SEM and using the density
of 6.5 g/cm3 obtained from single crystal diffraction. An
uncertainty of 10% is acknowledged on the single crystal
mass, and thus for the magnetization. For measurements
perpendicular to the long axis, the magnetic data are cor-
rected for demagnetizing field.
In (Mn,Fe)2(P,Si) materials, small deviations in the
Mn/Fe and P/Si ratios can lead to very different crys-
tal and magnetic properties. Due to the poor solubil-
ity of the silicon in molten tin, the exact final composi-
tions of the crystals are difficult to predict. We noticed
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FIG. 2. Temperature dependence of the magnetization for
Mn0.83Fe1.17P0.72Si0.28. The inset shows the first cooling
curve (virgin curve) in similar conditions.
that by starting from nominal compositions with rela-
tively low silicon content (Si = 1/3), the resulting crys-
tals Mn0.96Fe0.94P0.8Si0.2 belong to the boundary zone
of the phase diagram between orthorhombic (Co2P-type)
and hexagonal (Fe2P-type) structures. This range corre-
sponds to an antiferromagnetic order with a TN ∼ 120 K.
As we aim to study the ferromagnetic transition, in the
rest of this letter we will focus our attention on the crys-
tals specifically grown to present a larger Si content.
The as-grown crystals have a well-formed prismatic
shape with average dimensions of ∼ 0.15×0.15×1.5mm3.
The surfaces of these crystals are regular and homoge-
neous. Figure 1(a) depicts a typical example. The chem-
ical formula for this crystal is Mn0.83Fe1.17P0.72Si0.28.
Single crystal diffraction has been carried out at 280 K
(paramagnetic phase) and 100 K (ferromagnetic phase).
The inset of Figure 1(a) shows a typical single crystal
diffraction pattern. The single crystal diffraction data
can be fitted with the Fe2P structure, as expected for this
range of composition. The structure refinement is car-
ried out on 180 reflexions having an intensity I > 2σ and
yield to very satisfactory refinement figure of merits (R
< 0.025). This demonstrates that the crystals are single
phase and of appreciable quality. The lattice parameters
for the ferromagnetic and paramagnetic states are listed
in Table I, and the unit cell is represented in Figure 1(b).
It should be stressed that these values stand for a crystal
cycled across the phase transition. The essential result
is that these diffraction data confirm the magneto-elastic
character of the first-order transition. Across the FOMT,
the space group remains P 6¯2m and no supplementary re-
flections are observed. Crossing the ferromagnetic tran-
sition upon heating however results in an expansion of
the c axis and contraction of the a axis, giving an in-
crease in the c/a ratio of + 5.3 %. As shown in Figure
1(b), the Mn atoms are set in the pyramidal 3g positions
and the Fe atoms in both the tetrahedron 3f and the
remaining 3g sites. The coordinates of these positions do
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FIG. 3. Temperature dependence of the magnetization for
Mn0.96Fe0.94P0.8Si0.2 single crystal. The inset shows the field
dependence of the magnetization at 5 K.
not evolve across the transition. The P and Si atoms are
randomly dispersed between the 2c and 1b sites. These
results confirm the previous report on polycrystals7.
Figure 2 presents the magnetization of
Mn0.83Fe1.17P0.72Si0.28 single crystal as a function
of temperature for magnetic field of 1 T. The inset
shows the first cooling across the FOMT on which an
extremely sharp increase in magnetization is observed,
as most of the magnetization jump develops in a 1 K
temperature increment. The TC appears lower during
this first cooling, a phenomenon often referred to as
virgin effect10. The subsequent heating and cooling
curves present a much broader transition at TC =
210 and 170 K for heating and cooling, respectively.
Such a large thermal hysteresis of 40 K demonstrates
the first-order character of the magneto-elastic phase
transition. It is interesting to note that the FOMT in
single crystal requires a temperature range as large as in
polycrystalline materials to take place. On the cooling
curve of Figure 2, the magnetization continues to grow
even below 100 K. In many systems, single crystals
have shown better magnetocaloric properties than in
polycrystalline samples, here no strong improvement is
expected.
For comparison, the temperature dependence of the
magnetization for Mn0.96Fe0.94P0.8Si0.2 single crystal
(with a lower silicon content) is shown in Figure 3. The
low magnetization values below 50 K and the maximum
at 105 K indicate an antiferromagnetic ground-state. In
the inset of Figure 3, the magnetizations shows a linear
dependence on the magnetic field. This illustrates the
complexity of the phase diagram of (Mn,Fe)2(P,Si) at
lower Si content. In particular, the magnetic structure is
extremely sensitive to the sample composition.
The magnetic anisotropy of the Mn0.83Fe1.17P0.72Si0.28
crystal (after field cycling at 5 T) has been investigated
by measuring the isothermal magnetization along the c
axis and in the basal (a,b) plane. For the field direc-
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FIG. 4. Field dependence of the magnetization for single-
crystalline and polycrystal Mn0.83Fe1.17P0.72Si0.28.
tion perpendicular to the long axis of the crystal, the
magnetic field is corrected by using a demagnetization
factor of N = 1/2. The results are shown in Figure 4
and compared with the magnetization curve for a poly-
crystalline sample of identical nominal composition. For
a magnetic field parallel to the crystallographic c axis,
the magnetization increases very rapidly and saturates
at fields lower than 1 T. On the other hand, a signifi-
cantly larger field is needed to reach saturation in the
field direction perpendicular to the c axis. The satura-
tion magnetization is 4.5 µB at 5 K, which appears to be
slightly higher than that of the polycrystalline sample.
This small discrepancy of the saturation magnetizations
between single crystals and polycrystalline sample can
be explained by a small amount of impurity phases with
lower magnetization in the latter. The saturation magne-
tization of the single crystal is well compatible with pre-
vious reports for closely related compositions on the basis
of bulk magnetometry, neutron diffraction11. Here, the
magnetic anisotropy has been quantitatively estimated.
As usual for a hexagonal system, we took only the first-
and second- order anisotropy constants into considera-
tion, so that the magnetocrystalline anisotropy energy
can be express as E ≈ K 1sin
2 θ + K 2sin
4 θ, where θ is
the polar angle between the c axis and the magnetization
vector. The magnetocrystalline anisotropy constants are
deduced using the method developed by Sucksmith and
Thompson12. The results are K 1 = 0.25× 10
6 J/m3 and
K 2 = 0.19× 10
6 J/m3 at 5 K. This direct and quantita-
tive determination of the magnetocrystalline anisotropy
shows that K 1 predominates and is positive. So, the pre-
ferred magnetization direction in Mn0.83Fe1.17P0.72Si0.28
crystal is along the c axis. This is consistent with the re-
sults from earlier neutron diffraction study stating that
the easy magnetization direction in MnFe(P1-xSix) com-
pounds lays close to the c axis, with an angle θ = 29 ◦
with [001] for x = 0.3411. These values of anisotropy con-
stants are one order of magnitude lower than that of the
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FIG. 5. (a) and (b) Field dependence of the magnetization
for single-crystalline Mn0.83Fe1.17P0.72Si0.28 at 5 K after ZFC
for two principal directions. (c) Magnetization as a func-
tion of field measured along the c axis for single-crystalline
Mn0.83Fe1.17P0.72Si0.28 at T = 5 K (after ZFC). The inset
shows the enlargement of the magnetic relaxation for the mag-
netic field of 2.6 T.
parent compound Fe2P
3,13. It should be stressed that
this relatively limited magneto-crystalline anisotropy in
(Mn,Fe)2(P,Si) is an advantage for large scale application
of magnetic refrigerants.
Figure 5 shows the initial magnetization curves taken
prior to the data presented in Figure 4 after a zero-field
cooling (ZFC). In Figure 5(a), for the first field increase
M(H), the most striking feature occurring during the
magnetization process is well noticeable. A plateau of al-
most constant magnetization (113 Am
2
kg
-1
) is observed
until around 3 T, in agreement with the M(T ) measure-
ment shown in Figure 2. Above 3 T, a series of step-like
magnetization jumps occurs. These unusual magnetiza-
tion jumps also occur along the direction perpendicular
to the c axis, as shown in Figure 5(b). It can be noticed
that, even though a large magnetic field is systematically
required, the magnetization jumps do not occur at reg-
ular field intervals. The magnetization jumps need to
overcome a certain magnetic field threshold to fully de-
velop. In other respects, jumps of opposite direction were
never observed during the demagnetization from 5 T to
zero magnetic field. In addition, they are irreversible
in the sense that they are not observed during a subse-
quent magnetization/demagnetization cycle (at constant
temperature), as shown in Figure 5(a) and (b). It is im-
portant to note that the first field-increaseM(H) curves
in Figure 5 (a) and (b) were measured with a ZFC prepa-
ration in each case, i.e., there has been a thermal cycling
across the phase transition. As a matter of fact, the
present magnetization jumps observed in single crystals
do not correspond to the usual virgin effect reported till
now in polycrystalline samples, as this later disappears
after one thermal cycling. Here, the magnetization jumps
can be recovered after resetting the materials by a cycling
across the FOMT. However, after many thermal cycles (n
> 5), or when the cooling is carried out in different mag-
netic field (H 6= 0), we observed that the field required
for the magnetic jumps evolves (in random directions), so
that this phenomenon remains to some extend sensitive
to the thermal and magnetic histories.
To check whether these magnetization jumps are re-
lated to a dynamical effect during the magnetization
process, we measured the magnetic relaxation at 5 K
for the Mn0.83Fe1.17P0.72Si0.28 crystal, at each magnetic
field during a magnetization from zero to 5 T (after a
ZFC). As shown in Figure 5(c), the magnetization jumps
occur spontaneously at constant temperature and mag-
netic field. In the inset of Figure 5(c), several magneti-
zation plateaus separated by the magnetization jumps
can be distinguished during a single relaxation curve.
The results show a strong time-dependent effect and indi-
cate the existence of several non-equilibrium metastable
states. The time scale of these magnetization jumps (sev-
eral hundreds of second after applying the magnetic field)
and the magnetic field range (> 2.5 T) indicate that
we are dealing with a phenomenon related to the phase
transition, and not with more generic magnetization pro-
cesses such as magnetic field screening by eddy current
(much smaller time scale) or domain wall movements (rel-
evant at lower magnetic field).
Such a step-like magnetic behaviour is a new phe-
nomenon in (Mn,Fe)2(P,Si) compounds. We believe that
two scenarios (or a combination of both) could possibly
explain our results: (i) an underlying antiferromagnetic
order, and (ii) a dynamical phase separation phenom-
ena. The first interpretation is specific to (Mn,Fe)2(P,Si)
materials. In FeMnP0.75Si0.25 polycrystalline samples, it
has recently been highlighted by neutron diffraction ex-
periments and first principles calculations that ferromag-
netism and a metastable antiferromagnetic phase can co-
exist below TC
14,15. These observations are made on the
Si poor edge of the phase diagrams, from which our single
crystals are relatively close. In this context, the magne-
tization jumps would correspond to partial field induced
antifero-to-ferromagnetic transition. The second scenario
is more general to FOMT. A similar behaviour of succes-
sive magnetic discontinuities have been also observed in
a wide variety of materials as long as it is associated to
a FOMT16–20. Depending on the system, different in-
terpretations have been proposed. The most frequent
explanation is the so-called martensitic scenario16,17. It
relies on the fact that the two magnetic phases at play
correspond to two incompatibles crystallographic phases
(either different lattice symmetry or different cell param-
5eters), so that the growth of one phase is done at the
expense of the other and will result in interfacial con-
straints. Upon cooling across the FOMT, the interfacial
strains created at the ferromagnetic/paramagnetic inter-
face will result in an arrest of the transition and a fraction
of the crystal will be blocked into metastable paramag-
netic states far below the equilibrium TC. At low tem-
peratures, as the magnetic field is increased, the driving
force aligning the spins becomes strong enough to over-
come the energy barriers from the interfacial strains, so
the ferromagnetic phase experiences a burst-like growth
and leads to a magnetization jump. Both interpretations
for the magnetic jumps are plausible. Note that single
crystal diffraction is of little help, as the diffractograms at
100 K are clearly single phase. Whereas in both scenar-
ios, either the metastable antiferromagnetic phase or the
untransformed paramagnetic phase show a similar c/a ra-
tio, significantly different from the ferromagnetic state,
so that their contribution would have been noticed. A
spatial resolution such as that provided by tomography
techniques is required to investigate the distribution in
the crystal of the different phases.
To conclude, (Mn,Fe)2(P,Si) single crystals presenting
a first-order ferro-to-paramagnetic transition have been
grown for the first time. The studies of their structural
and magnetic properties bring support to the previous
reports on polycrystalline materials. A weak magnetic
anisotropy is found at 5 K indicating a soft magnetic be-
haviour favourable for magnetic refrigeration. The mag-
netization process toward the ferromagnetic state turns
out to be more complex in single crystals than for poly-
crystalline samples. Series of discontinuous magnetiza-
tion jumps can be observed far below the Curie temper-
ature. These jumps are irreversible, but can be restored
by resetting the crystal across the FOMT.
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